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JACOBI”S INTEGRAL AND AV-EARTH-GRAVITY-ASSIST (AV-EGA)
TRAJECTORIES

Theodore H. Sweetser, Ph. D.+

1 hc AV-Earth-Gravity-Assist  trajectory technique offers powerful
ac~vantages  in maximizing payload mass, but the conventional
“explanation” of Irow it wc)rks  leaves the following paraclox
unexplained: by slowing clowTI at the slowest point in the trajectory,
far mot-e energy is gained than an equal speed-up at the fastest point,
A better  explanation results from consideration of Jacobi’s integral,
which is calculated in the rotating frame in which the Sun-Earth line is
fixed. In this frame the deep-space maneuver magically transforms
into one which incrcascs  the vclc)city at the point whcr e the velocity is
already maxinwm.

1 his perspective cm the AV-EGA has two advantages. Firstly, it allows
a simple calculation of the ratio between the magnitude of the dccp-
spacc maneuver ant! the resulting increase in the cffcctivc  departure
velocity. Secondly, it has suggested possible variations in this
tcchniciuc. In particular, a ncw kind of lunar transfer trajectory from
low [ arth or-bit is pr’escntcci  whict) has lower AV r“cquirerncnts than the
tiohmann transfer.

INTRODUCTION

Onc of the most powcwfu] tools in the tmajcctory  drxigncr’s  bag of hicks
is the AV-:lf;artl~-Gravity-Assist  (AV-lWA).  This t,ool, first introduced by G. R.
} loll cnkck] at this con fcrcncc  in 1975, uscx  a maneuver in deep  space in
such a wa,y that  it has a greatly  ma{;nificd  cffccf, on the final clcparturc
velocity frlom ICart,h. ‘J’ypical]y, a deep space maneuver  of 0,5 km/s can
i ncrcasc the departure velocity by 2 km/s or more, where the on] y cost
incurred is an increased fli[;ht  time.

On the AV-EGA trajectory (see  1{’i~ure 1 ) a spacecraft leavrx l{;artl]  on,
for cxamp]le,  a two-year heliocentric orbit. At the aphelion of that orbit,  a
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Figure 1 Inertial eciiptic  plane view of an exterior AV-Earth-

Gravity-Assist trajectory to Comet Kopff.

maneuver  is pmforJnccl  which mshapcs  the orbit,  t,o lower its perihelion. The
orbit, Liminc  is arranged so that whm the spacecraft ihcm crosses Earth’s
orbit  (citkcw before or afkr pcrihc]i  on) it cncountcm  Earth in a ~ravity  assist
maneuver. ‘J’hc advankge  of the AV-};GA is that the increase in perigee
vcdociiy  from the launch to the cmcount,  cr is much grcakr than the velocity
change ai the deq)-sJ}acc  maneuver. ‘1’hc rc%ul t,ing hcliocwntric  cncwgy is
grcatm than in the initial two-year  orbit ant] ag;ain the incrcasc is more Lhan
could be olbtaincd  from the clcwpspacc  maneuver  alone.

‘1’wo aspects of the AV-1’KA arc co~]]~t,e]’i]]t~]itivc (as is often the case in
orbi ta] mcchani  es). onc is that the dmpspace  maneuver which sets up the
hc]i occntric  cmm”~y ~ai n actual] y rcduccx  the hcdioccnt,ric  cmcrgy  - tho
spacecraft s] ows clown at, aphc] i on to move the pcrihcdion  closer  to the sun.
‘1’1]0 second  aspect is pcrl]aps  mom ]Juzzlirlg  t,o the expcricnccd  trajectory
dcsi~ner  (who is used to the occasional] y paradoxical behavior of orbits). 1 n
~cnmal,  the most cff]cicnt time to cllan~c  orbital mcrgy  is when tLe vcloci ty
is hi{;hcst, i.e., at, pmiapsc.  1 I) tl]c AV-EGA,  however,  the clmp-space



Inancuvcr is most C?ffcctivc  when c]onc  whc3rC!  the velocity is lowest,,  i.e., at
aphelion.

‘1’]Ic convcmtiona]  explanation of the AV-lCGA  ignoros  these aspects as
follows: it is easiest to mshapc  an orbit where the vclocit,y is lowest; the more

he ohi~ dla])~ is dlall~C!C],  ~h(? {~J’C![lk!~  th~ 211)R]C  bdW(?CIl  th(? S])aCC!CI’aft  Od.)jt

and Earth’s orbit whmc they cross; the ~reater the angle,  the {:rcatcr the
diffimmco bctwmn the spacecraft’s VCJ ocit,y and l’;arth’s  velocity at mcounter;
this velocity difference when ali~ned with ICarth’s  velocity by the gravity
assist gives us our final hcdioccmtric  energy.  All this is true and is fine as Par
as it goes.  Ncvcrthc]css,  tkcrc remains an dcmcnt  ofmystmy  in the AV-ICGA
bccausc  of the paradoxes discussed above and because  there is no direct way
in the conventional explanation to relate the magniiudc  of the deep-space
maneuvcw  to tkc final gain in hcdiocmtric  cmergy.  ‘1’his mystery is decpmocl
by the fact that an analogous trajectory in the lCarth-Moon  system (Figure 1
with the Earth replacing the Sun and the Moon replacing the Earth). This
trajectory leaves  the Moon on a two-month orbit with a maneuver at the
apogee but does not show any advantacc  with respect to the final lCarth-
rclativc  energy over increasing IJe lunar departure velocity by an equal
amount. ‘1’here is nothing in the convcntiona]  explanation which would
predict tl-lat a tool which works in the Sun-1’krt,h systcm fails in t,hc lCarth-
MOOI)  system.

JACOBI’S INTEGRAL EXPLAINS ALL

‘J’hc reason for the apparent mysteriousness of the AV-}CGA trajectory
is that th c discussion above consi dcrs the trajectory as a series of two-hod y
prob]cms:  l’larth/spacecraft for launch, Sun/spacecraft for initial orbit and
deep-space maneuver, ]CarLh/spacecraft for gravity assist maneuver, and
Sun/spacecraft for final orbits. 1 lut the AV-IX2A is very much a crcatum of
the three-body problcm,  in which it is not appropriate to base  an analysis on
mcrgy.  lnstcad,  wc must turn to the three-body analog of energy, Jacobi’s
i ntcgra].

If the ICarth  traveled in a circular orbit around the Sun and the only
accclcrati  ons cxpcricmccd  by a (mass] CSS) spacecraft were caused by the
central ~ravity  of the l{larth  ancl  ,SUII,  then J acobi’s  intcgral~~s

is a constant al on~ the spacecraft’s trajectory, whcwc v is the ma~nit,ucle  of IJlc
l+otatillg-”lcoorclillate  I’clocity, which is the velocity of the spacecraft in a
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‘J’alJlc 1.

CONS’J’AN’J’S

a = ]149597870.  km Incan  scl[li-lllajor  axis oftl)el~artl:’s  orbit= 1 AU
/~s : II .327] ’24 x ]()] ~ km3/s2 Gravitational constarlt  times  the mass of tho Sun

~~c = 398600.5 km3/s2 (~ravitationa]  constant  times the n~ass  of the Earth
0-) = 1.990987 x 10 -7 radls mMTI an~ular  rotation rate of the ltarLh-Sun  system

threw dimensional coordinate system ccmtcwcd  at the ltarth-Sun  baryccmtm
and rotating with the l!arth-Sun syskm, p is the distance from the
baryccntm to the projection of the spacecraft’s position onto the }Carth-Sun
orbit  plane,  re is the cli stance  from the spacecraft to the ICarth,  and rs is the
distance from the spacecraft to the SUII. (Ikfinitions  for co, //e, and //s arc
~ivon  in ‘[’able 1,)

III a two-body probl  cm, cmcrgy is a constant function of position ancl
the magmitudc of the inertial velocity. 1 n the circular restricted three-body
problcm,  Jacobi’s integral is a constant function of position and the
magnitude of the rotation-rcl  ativc  velocity. For our purpose% here we may
consider a mancmvcr  to be an instantaneous velocity chango  which dots not
affect position. Thus, while an cmcrgy  chance  is maximized for a maneuver if
the maneuver is done when the inertial velocity is greatest (at the pcriapse  of
a conic), a change in Jacobi’s constant is maximi  zcd if a maneuver is done
when the rotating-coordinate vcl ocity  is greatest.

‘1’his is the key to ~ll~(lcl’stal]di~~{;  the AV-1’;GA.  ‘] ’he trajectory of
Figure 1 is rcplottcd  in l“i~urc  2, but this time in tkc rotating frame which
keeps  the Sun-lCarth  line fixccl. ‘1’llc figure shows graphically how the dccp-
spacc maneuver is in fact done when the magnitude of the rotating-
coordinate velocity is ~rcatcxt and is clone in the direction of the rotating-
coorclinatc  velocity, l~urthcrmore,  the consequent change in Jacobi’s constant
can be used to estimate the VC1 oci ty incrcasc from 1 aunch pcrigcc to
mcountcw pcv’i~cl whi cl) rcsu] ts from the deep-space  mancuvcrj  so the
magnifying effect of the AV-I;GA can be ca]cul atcd.

A NUMERICAL EXAMPLE

Of course  the real world is not a circular restricted thrm-bod  y problem.
Nor has a st]aai~l~tfor~va~.(l AV-ICGA tr:ijcctory  bcwn flown in a space  mi ssion.
I\ut AV-EGA  trajectories have km carri ccl as baseline trajectories during the
dcsi~n  process of several missio]]s. 1 J) parti CU1 .ar at one time the baseline
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Figure 2 Rotating ecliptic plane view (fixec{ Sun-Earth line) of
the exterior AV-Earth-Gravity-Assist  trajectory
shown in Figure 1,

trajectory  for LIIC Comet l{cI~clcz\ToIIs/A  stcroicl  Flyby  mi ssion  (CRAF)4  used a
two-year AV-I!GA whi cl] had a clccp-space maneuver of 0.6 km/s and a flyby
perigee v[?]ocity which was 2.2 km/s greater t}lan the insertion perigee
velocity (sew Figure 1). 1 ret’s compare  this to an estimate ol~tained  by using
J acobi’s  constant.

Wc start  by assuming the l{;arth  travc]s in a circular orbit, around the
Sun according to LIIC constants in Tab] e 1. A two-.ycar orbit, which is tangmt
at pc!ril]clion  to lhrth’s orbit has an aphelion distance of 2.1’75 AIJ.  At, that
distance, a point fixed  in the rotatinc  l+;arth-Sun  system has an incrt,ia]
velocity of 64.78  IKnds (:- 2.175 AIJ) in the climction  of the rotation;
m]uivalcnt]y  a point fixed in inertial  space at, that clistance  has a rotating-
coordinatc  velocity of equal  magr]i tudc but in the opposite direction. Since
the spacecraft spcxd  at aphcli on is 16.o3 kII1/s, the spacecraft’s rotati IIg-
coordinatc  vc] ocity  them is 48.75 km/s.



A point fixed  C1OSC to lhrth, say at 170 km altituclo,  has a negli~ib]c
rotating- coordi  natc velocity in t,hc lhrtl)-Sun  rot,atin[:  systcm, ‘1’hus for the
launch and cncount,cr,  the spacecraft’s l’ol,:lt,ill[;-  cool’(lillati,  vc]oci  ty is
c%scmtial]y  the same as its }tarth-mlativc  velocity regardless of the
orientation ofthc hyperbola, This is 12.15 km/s at 170 km altitude  on a
l]yporboI  a launching into a two-year llcdioccmtric  orbit.

‘1’o calculate the change  in Jacobi’s integral  rcsul ting  from a vclocit,y
chan~e,  we substitute w Avfor v in equation (1) and compare  the result to get

- AC = ,2v/tv  -/ (Av)2 (2)

so that for small Av wc see thai AC is roughly proportional to the rotaLing-
coonlinate  velocity. For the case analyzed here this gives about a
ma~nification  fkctor  of 4 (:4 8,75/12,15), in good agrcmncmt  with the data.
hfore  precise] y, if Va, is the l’o{,ati~-)~-coo?’di]~atc  velocity at aphelion and VI; is
the rotating-coordinate velocity at pcrigcc,  wc have

2  vi Avl:  -i (AvFY = 2 vo. AVU.  -I  (Avuy (3)
01’

(Avjy -i 2.12.1 /iAvl! - 2“48.75.0.6-  0.62= O (4)

so that AVI;  = 2.22 km/s, in even better agrcmncnt  with the data.

Now wc can scc why an analogous trajectory dcparti  IIg outward from
tllc MooI~  fails to l~avc aIIy advantage. ‘J’l]c Yotati]lfl-coorcli]l:itc  vcdocity at tJle
apogee  of a two month oyl. )it (WIIOSC pcrigcc  is t,angcmt,  to tl]c  hloon’s  orbit) is

]CSS than the pcrilunc  vclocit,y at doparl,urc,  which is 2.3 l{m/s. ‘1’hc Moon’s

~ravitatiol~al  attracti 0~~ is too large  colllparcd  to the Earth’s for a twice-period
maneuver orbit to set up an advantageous maneuver. A threw-month orbit
woul cl Ofr[?r a slight advantacc,  thou~$.

VARIATIONS ON AV-GRAVITY-ASSIST TRAJECTORIES

‘I’])(? example  above was a two-year AV-}CGA, but of course  t,hcre  is
nothing to constrain the initial orbit to have a two-year period. A thrm-year
orbit wound clo as well mcl in fact, as this analysis imp]ics,  Civcs a greater
magnifl  cation of the deep-space  maneuver. A less commonly considered
al tcmativc is a 1 .5-year orbit whi cl) encounters l{:artll  after three years.

Another variation is simply to mvcrsc the trajectory, making it an
arrival rathcw than a departure. 1 n this rcvcrsc  AV-1’;GA t,rajeclory  a
spacecraft, WOU1 d come in tan~;cnt  to l{; art,h’s orbit where a [:ravi  t-y assist
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would 1 OWCY both aphelion ant] perihelion. ‘1’hcm a maneuver at aphelion
would rai sc pmihclion  back up to tangcmcy  with ]{; arth’s orbit,  for an arrival
with a lower V- than  at the first mcountcr. ‘1’he I-CVC)’SC AV-I’;GA WOU]d  be
cffcctivc  at l{;arllh  for sample  return missions f’rom outer  planets} comets, or
asteroids. ]Iut it’s usefulness is not con finccl  to arrival at Earth,  As C.-W.
}’m~  showed at this con fercmcc in 1985, such a trajectory technique is very
uscfhl for reducing the rcndcwous  rcc]uircmmts  of M crcury orbiter missions.
From the point  of view of an anal ysis basecl on Jacobi’s integral, the
mancmvcr  is s] owing down the rotati]][;-coorcl  i]~atc velocity at the point where
lJlat  vcl ocity  is maximum. Calculation of the ratio between the maneuver
and the s,avincs  in rendezvous AV WOUIC1 be the same as in the previous
section.

Arc t}~cwc  other variations? ‘1’hc above  analysis has shown us that all
that is really necessary for a AV-Gravity-Assi  st (AV-GA) trajectory is that a
spacecraft have successive encounters with a body where the orbit. between
encounters contains a point  where its rotating-coordinate velocity is greater
than at encounter pcriapsc. in the cases considered so far, the intcwmccliatc
orbit  is outside the body’s orbit  so that in the rotatinc  fl’amc it looks
retrograde with a maximum velocity at apoapsc.

‘1’his leads us to suspect tl]e  existence of a new type  of AV-GA
trajectory. ‘J’hc AV-I!GAS above all start with orbits larger t,han Earth’s orbit;
let’s call them exterior AV-1’~GA trajectories. What about interior AV-NGA
trajcctori  es, that start off with orbits  smaller than l{;arth’s~l  For example, if a
spacecraft starts oflin a 2/3- year orbit  it lcavcx+ with very nearly the same
velocity relative to l~art,h as in a two-year orbit but in the opposite direction.
At perihelion the spacecraft has a rotating-coordinate velocity of 31.32 knds
so a magnification factor of about 2 1/2 is possible for this AV-l{;GA.  Figure 3
shows such an interior AV-NGA USCC1 for a transfer from l{;arth  to Mercury.
in this case, a AV of 1.4 km/s at perihelion results in a velocity increase of
3.2 km/s from injection perigee  to flyby perigee. For this type of trajectory
onc  of the paradoxes discussed earlier has disappeared since the maneuver is
done  at plcrihclion. ‘J’hc other paradox remains - after spcccling  up at
perihelion the ultimate solar orbit  is smaller.

Such interior AV-ICGA trajectories were mentioned by } 1 ollcnbcck  1
when  he first introduced the AV-EGA t,cchnique. } lc considcrcc]  them (in the
context of outer-planet missions) only briefly, because of the fortuitous
circumstance that if the period of the intrcrmcdiatc  orbit is less than 4/5 year
then a gravity assist at Venus becomes possible, zivil~[:  a free A~7.  l~~dccxl,
such a trajectory is being used  by Galileo, where the “second” l{;arth
encounter is actually done twice over  because the VCm at Earth starts out
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Figure 3 Inertial ecliptic plane view of an Interior AV-Eartll-
Gravity Assist trajectory to Mercury.

opposito  to ICarth’s  vdocity  clircxt,ion  ant] has to be turned around  Lo align

with it in ordm to CCL a clcparturc  to an outer  p] aI~et.  (Jupiter in this case).

Such extreme bending  of the Vm vcctjor is not ncwclcc]  i f the interior
AV-EGA is lining  used to get to an inner  ]-)lanct such as hflcrcury.  Oncc again,
howcvcw, lhe availability of Vmus obviates  the nmd for a ]Jropu]sivc
m a n e u v e r .  l“urthermore, a rot,urJ) to Earth is not clcx+i NC] since a reJIclcwvous
at Mercury  has a lower vdocity  aftm arrival from VCnus  than  afkr arrival
from ]Carth,  What, remains is pmci scaly the kind of trajectory di SCUSSCCI  by
C.-W. Ycm5. ‘1’hus it scwms that  int,c;rior  AV-GA t,r:~jcxtoric)s  have no useful
application tro inner planctj  mi ssi ens. Ill I’C?VC!I’SC!  they Coulcl bc! Usccl  for

rcc]ucing  rcwc]w,vous  AV in h!lars  or outer-planc!t,  missions, but, theJ) t,})e  flight.

times  become  prohibitive (a 1:2 msonaI)t  rcmclez170us  witrh Ju))itc3r, for
cxam])]c, would add 11 -years to the (li~ht  time, ant]  that’s the bc!st possib]c).
]Iut tJlr2rc is onc  app]i  cation whew conc]iti ons  aI-C favorab]  c for a A\7-GA
trajectory,
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‘1 }{[: REVE:RSE INTERIOR AV-1.UNAR-GRAVITY-ASSISI

‘1’hc lunar transfer problem has jusL the right situation for this
application. ‘]’hc spacxxmft  starts out in an orbit rclativc]y  close to the
pr imary and irljcct,s into a 1 lohmann  transfer  to the Moon,  instead of
rcmclezvousing  immediately, howcwcr,  the spacecraft flies by so that Lhc
gravity assist at the Moon raises both pmi~cw  and apogee. ‘J’hm a mancmvcr
at ]migcm lowm tk .apogcw back to taqymcy  with the Moon’s orbit, wjth a
net savir[gs dc!]lcllding on the l’ot,atillg-coor(]  illatc vc?]ocity at pcl’igc!c and the
amount  of apo~cc  change ncedccl.

A~, it turns out,  ~,]lc l,c]ativ~ly  ]argc gravit,at,ional  attraction of the Moo]~
results in high pcrilune  velocities at rcmc]czvous.  ‘1’hc rotatinS-coordinate
velocity at pcri~cc  is higher only  when the Perigee is close  to Earth.
l“urthcnmore,  the Moon’s orbit  has significant  ccccntricity,  which complicates
the analysis. lJsin~  conies the rosuli is that for rmdczvous  at the Moon’s
]mrigcc, only  intcrmcdiatc  orbits  bctwcm] I/3 and 2/5 of t}~e M eon’s period  can
be used; at the Moon’s apogee  the ]m-iod  can be increased to 1/2. We arc now
faced with two counteracting factors. ON one hand, the lower the Pcrigcc  the
higher the rotating-coordinate velocity so the higher  the magnification
multip]i  m that can be app]ied  to the maneuver.  On the other hand, a lower
]mri~cw raise caused by the lunar flyby  corresponds  to a lower apogee  raise
which mduccs  the size  of the maneuver  nccc]cd  to restore the apogee back to
its initia]l  value.

These factors arc pretty much i]] bal ante. 1~’or examp]c,  at about noon
on 28 May 2003 the Moon will be at apo~cm at, a radius of 406168 km. If a
spacecraft starts in a circular ])arkin~ orbit  with a radius of 6500  km, then a
11 ohman:n  transfer to the hfloon  rcsul LS in a veloci  ty at the surface of the
hfloon of 2504.4 m/s. ]nstcad we can  flyby to raise the Pcri[;cc to a radius  of
12000  km, since a ] 2000 km by 406168 km orbit has a Period just 2/5 of the
hloon’s.  ‘Then a 6 m/s lnancuvcr  at pcrigm  (whmc the ve]ocity  is 8033 m/s)
lowcm the velocity at the surfiacc  of the Moon  to 2485.6  m/s for a net savings
of about 13 m/s. Similarly, a 1/2 ]mriod  intermediate  orbit  has a perigee  at
78832 km and a pcn-igcc  velocity of 2910  m/s. ‘1’his  case results in a net
savings clf 12 m/s after an 83 m/s pC]’i[:Cc  mancuvcw  mcluccs  the arrival
surface velocity by 95 m/s to 2409.5 m/s,

‘J’hc h!loon, howcwcr,  is so hi{: relative to the Karth that this conic
analysis is suspect. ‘]’o vcwify these msu] ts, two trajectories were intcy:rated
which includccl  the effect of the ccmtral  p;ravitics  of the SUII, Earth, and  hfloon.

‘J’he first was a ncmr-}]ohmann  transfer  from a 6500 km radius parking  orbit
at l{larth to an insertion into a 100 km altituclc  circular orbit at the hloon.



4:10.

.,
[J.,
*.

.:Y ().

. .

-Il:)c,  .
-600”

Figure 4

4:10.

‘t 1
.,
..
. .

f
.Y 0.
. .

fl:)().  -
6(K)

Figure 5

\

L... ./”-’

0.
(kn,  )Xl C)3

Inertial lunar-orbit plane view of a reverse interior

AV-Lunar-Gravity-Assist  trajectory to the Moon.

:)()

0,
(ko, )x lo:”

Rotating lunar-orbit plane view (fixed Earth-Moon line)

of the reverse interic)r AV-Lunar-Graw’ty  -Assist

trajectory shown in Figure 4.

(’, ()[1



For this case,  iJIc injection AV was 3154.8 nds on 93/8/29 11:04:03 and the
orbit insertion AV was 800.5 m/s on 93/9/3 10:27:58,  for a total AV of
3855.3  m/s. ‘1’he second  trajcctol’-y is illustrated in l“i~ures  4 ancl 5. Figure 4
shows it, in an inertial  frame with the  hfloon’s orbit also drawn. Figure  5
shows it in a rotat, in{;  frame with the l{;arth-Moon  line fixed. Since the flyby
occurred on 93/9/3  13:47:27 at a distance of 178] 5 km from the Moon’s center
on the side towards the l{;arth,  tl)c injection  AV was rcduccd slight] y to
3150.4 m/s on 93/8/29 19:33:58. The post-fl yby pcn-igce AV was 13.3 nl/s at a
]mrigcc  radius of 32790 km on 93/9/13 13:08:04. ‘1’he insertion AV was
768.6 n-h on 93/9/30 14:37:53, for a total AV of 3923.3 mk and a net savings
over the direct transfer of 23 m/s,  about twice what the conic analysis
]wcdictcd. Note also that the pcri[{oc  distance is quite different than in the
conic analysis, mostly caused by ncccling to allow for additional time spent in
the orbit between the lunar flyby and the first pcrigcc since the flyby delays
the apo~ec as well as raising it.

‘1’his analysis demonstrates the cxistmce of a new kind of lunar
transfer Lrajcctory.  AlthouRh  the AV savings over the Hohmann transfer are
small, t}lis transfer shows other advantages as well. ]Iecausc  the lunar flyby
is distant and the post-flyby ]mriod is acljusted  at perigcw,  course correction
rcquircmcnts  arc ICSS dcmandin~  than for the direct  transfer. Also, almost
the entire  trajectory is spcmt  within the Moon’s orbit  so there are no longer-
distancc communication requirements.

SUGGESTIONS FOR FURTHER WORK

‘1’hcm arc a number  of open questions about. AV-ICGA trajectories
su~gcstcd  by this work. IL is possible to calculate the AV gain without
J acobi’s  integral by findin{:  the fli~ht path angle  change at Earth’s orbit
radius. How does this formula compare to the one in this paper?  Can we
lcam al~ything  ncw about J acobi’s integral  from the comparison? What is the
minimum exterior AV-I’;GA  orbit leaving  tan~cnt  to Earth’s orbit, which
results i r) an energy gain? 1s thcr(: a near] y one-year return AV-EGA
trajectory (wi Lh a di ffcrcmt  cccmtricity or inclination) which rcsu]ts in a AV
gain?  IS there a minimum departure C~ ncccssary  for a AV-I{;GA to result. in
a A}7 gain?

Scwcral issues are open  conccrninc  rcwersc  interior AV-I,GA lunar
transfers as well.  1+’irst of all, the cxamp]c  shown  in Figures 4 and 5 has not
been optimized (note that the rmdczvous  ellipse is not tal]~cnt  to the Moon’s
orbit).  Also, when a multiconic  model  of the 2/5-] mriod  transfer was made  it
was found that the post-flyby orbit’s apogee was inside the hfloon’s orbit,
a])]> arcmt]y rcmovinfl  the nccc] for a pcrip;cc maneuver  ant] thus prcwcntfing
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any AV S:lVill~;S. What l]appcns when a transfbr is at,tcmptccl  whcm the
arrival does not happen  ai, the h’! inn’s apop;cm? 11 ow clcmandi  r]~ arc the real
maneuver  rcquircmcnt,s?  What if we include a model  of the lauJlch, so that
the parking  orbit at l~;arth has various il]clinat,  ions with respect  to the hfloon’s
orbit so that the flyby  has to rcc]ucc inclination  as WC]] as pump the orbit  up?
All these questions need  to bc answered in order to clctmminc t}~e practical
uscftllnms  of such a trajectory.
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